Eph receptors, the largest subfamily of receptor tyrosine kinases, are linked with proliferative disease, such as cancer, as a result of their deregulated expression or mutation. Unlike other tyrosine kinases that have been clinically targeted, the development of therapeutics against Eph receptors remains at a relatively early stage. The major reason is the limited understanding on the Eph receptor regulatory mechanisms at a molecular level. The complexity in understanding Eph signalling in cells arises due to following reasons: (1) Eph receptors comprise 14 members, two of which are pseudokinases, EphA10 and EphB6, with relatively uncharacterised function; (2) activation of Eph receptors results in dimerisation, oligomerisation and formation of clustered signalling centres at the plasma membrane, which can comprise different combinations of Eph receptors, leading to diverse downstream signalling outputs; (3) the non-catalytic functions of Eph receptors have been overlooked. This review provides a structural perspective of the intricate molecular mechanisms that drive Eph receptor signalling, and investigates the contribution of intra-and inter-molecular interactions between Eph receptors intracellular domains and their major binding partners. We focus on the non-catalytic functions of Eph receptors with relevance to cancer, which are further substantiated by exploring the role of the two pseudokinase Eph receptors, EphA10 and EphB6. Throughout this review, we carefully analyse and reconcile the existing/conflicting data in the field, to allow researchers to further the current understanding of Eph receptor signalling.
from three proteins: PSD-95, Dlg1 and ZO-1) domainbinding motif (Fig. 1 ).
Due to their membrane-tethered nature, ephrin ligands account for the ability of the Eph receptors to initiate intracellular signalling events upon cell-cell contact. Although the signalling events mediated by Eph receptors are substantially dependent on cell types, common signalling pathways (e.g. Rho family GTPases-mediated cytoskeletal reorganisation) that principally govern developmental processes, including cell sorting, tissue patterning and cell migration, have been mapped [5] .
Research has so far focused on studying how Eph receptors drive signalling via their catalytic activity. However, recent studies have highlighted that the Eph receptor family proteins also display non-catalytic functions. Two members of the family, EphA10 and EphB6, are classified as pseudokinases due to the absence of key amino acids known to catalyse phosphoryl transfer from ATP in conventional protein kinases (Fig. 2b) [9, 10] . The presence of these two catalytically-dead Eph receptors suggests a role for non-catalytic functions in regulating kinase-active Eph receptors. Emerging evidence suggests that EphB6 can be phosphorylated by other Eph receptors, such as EphB1 and EphB4, potentially leading to a reciprocal regulation of EphB6 through direct interaction with its kinase-active counterparts [11, 12] . Such a regulatory mechanism has been demonstrated for the receptor tyrosine pseudokinase ErbB3/HER3, where ErbB3 acts as an activator of EGFR upon heterodimerisation [13] . As per ErbB3, EphB6 and EphA10 have retained an intact ATP binding site [14] . The ability of EphB6 and EphA10 to bind nucleotide suggests that they may function as molecular switches, modulating the kinase activity of other kinase-active Eph receptors [15] . Importantly, recent studies have revealed that deregulated expression of EphA10 and EphB6 is associated with cancers, raising the prospect that, like other pseudokinases, these proteins may contribute to disease states [9, 16] .
In this review, we carefully examine the current state of knowledge on the Eph receptor signalling by dissecting their structural features and molecular mechanisms of regulation. We focus on the importance of the non-catalytic functions of the kinase-active Eph receptors, and the roles of EphA10 and EphB6 pseudokinases in cancers.
Overall organisation and regulation of the Eph receptor intracellular domains
The Eph N-terminal ectodomain is connected by a single transmembrane α-helix, which is extended intracellularly to a juxtamembrane (JM) region that tethers a tyrosine kinase domain. The tyrosine kinase domain is connected by a linker to a sterile-alpha motif (SAM) domain and a PDZ domain-binding motif ( Fig. 1) [1] . These additional protein-protein interaction domains imply that Eph receptors coordinate complex intracellular signalling pathways and we detail below the structural and functional characteristics of each of these intracellular domains. The juxtamembrane region and the kinase domain 2 and 3) . The role of the JM region is two-fold. One role is to regulate the intrinsic kinase activity of its adjacent kinase domain by locking the protein in an inactive conformation and therefore blocking the substrate and nucleotide access [1] . Mutations of the two conserved tyrosine residues in the JM region (termed JX1 and JX2) to phenylalanine has been shown to completely abolish the kinase activity of EphA4 [17] , suggesting that phosphorylation of the JM region is required to unleash an active conformation. The second role is to provide binding sites to SH2 domain-containing proteins Fig. 2 Sequence alignment of the juxtamembrane region and the kinase domain of Eph receptors. a Sequence alignment of the juxtamembrane (JM) region and the kinase domain (KD) of all Eph receptors. Grey shading indicates the conserved residues critical for kinase catalytic activity, and/or highlights residues that serve as docking sites for SH2 domaincontaining proteins when phosphorylated. Bold highlights the catalytically critical residues that have diverged in EphB6 and EphA10. The predicted secondary structures are based on the EphB2 kinase domain crystal structure (PDB: 1JPA) and are annotated as follows: bars represent helix structures, arrows represent β-strands. b Summary of the key catalytic motifs necessary for kinase activity compared with the motifs found in EphA10 and EphB6 upon autophosphorylation, thereby stabilising the kinase domain in an active conformation and allowing the propagation of downstream signals.
The structure of EphB2 kinase domain (PDB: 1JPA) in the presence of the JM region, harbouring phenylalanine mutations in both JX1 and JX2 sites, clearly demonstrated the role that the JM region plays in stabilising an inactive conformation of the kinase domain (Fig. 3b ). The JM region adopts a helix-turn-helix conformation and wraps around the αC helix, preventing its correct alignment to allow phosphotransfer activity [18] . The JX1 (Y→F) residue sits in close proximity to the αC helix in this structure, pointing toward the catalytic site, while the JX2 is located at the hinge of the helix-turn-helix and is solvent exposed (Fig.  3b ), implying that it can serve as a binding site, once phosphorylated, for phosphotyrosine binding proteins. The structure of the EphA3 kinase domain connected to the JM region (PDB: 2QO2) also highlighted a similar positioning of the unphosphorylated JX1 ( Fig. 3b ) [19] . In addition to locking the αC helix conformation, the unphosphorylated JM region also plays a role in preventing the activation loop from fully adopting an active conformation ( Fig. 3c ) [19] . In agreement with this, Wiesner et al. used NMR spectroscopy to demonstrate that phosphorylation of JX1 and JX2 unleashed the JM region from the kinase domain, leading to an active form of the EphB2 kinase domain [17] . Similarly, in vitro kinase assays suggested that the JM region autophosphorylation is a sequential event, whereby autophosphorylation of JX2 preceded autophosphorylation of JX1 [20, 21] . The JM region therefore provides the first layer of the kinase activity regulation. Once phosphorylated and dislodged, Eph kinase activity relies on the phosphorylation of the conserved tyrosine residue in the activation loop ( Fig. 2 ), a feature conserved in many RTKs.
The SAM domain linker and the SAM domain C-terminal to the Eph receptor kinase domain is a protein-protein interaction domain called the SAM domain (Figs. 1c and 4). The modular SAM domain is highly conserved, comprising five helices that govern homo-/hetero-dimerisation or oligomerisation [22, 23] (Fig. 4b-d ). The crystal structure of homo-dimeric EphA4 SAM (PDB: 1B0X) has identified the α1, α3 and the C-terminal segment of the α5 helices are the major structural elements engaged at the dimerisation interface ( Fig. 4b ). Mutagenesis studies revealed that substitution of the key residues at this interface, such as L940, M972 and M976 that are relatively conserved in other Eph receptors, disrupted SAM domain dimerisation ( Fig. 4a ) [22] . On the other hand, the crystal structure of EphB2 SAM domain (PDB: 1B4F) has identified a possible oligomerisation mechanism through two additional interaction interfaces (Fig. 4a , c). One oligomerisation interface, defined by the authors [23] as the "bregion interface", is primarily composed of the loop connecting α3 and α4 helices, and the C-terminal segment of a Key structural features of the Eph receptor kinase domain are highlighted in the EphA3 kinase domain crystal structure (PDB: 2QO2). Note that this kinase domain adopted an inactive conformation. b Superposition of the C-lobes of EphA3 (PDB: 2QO2, in cyan) and EphB2 (PDB: 1JPA, in brown) kinase domain structures shows a very similar alignment of the juxtamembrane regions. The distortion of the αC helix, coordinated by the unphosphorylated juxtamembrane region, leads to an inactive form of the kinase domain. c Superposition of the C-lobes from the inactive (PDB: 2QO2, in cyan) and the active (PDB: 2QO9, in pink) EphA3 kinase domain structures reveals the impact of unphosphorylated juxtamembrane region on the activation loop. The unphosphorylated juxtamembrane region (in cyan) of 2QO2 causes misalignment of the activation loop (in red), giving rise to an inactive conformation of the kinase domain. The phosphorylated juxtamembrane region of 2QO9 dislodges from the kinase domain and cannot be seen in the crystal structure. This results in a more ordered activation loop (in pink), which stabilises the kinase domain in its active conformation The key amino acid residues for potential homo-dimerisation/-oligomerisation are highlighted in dark green. The key amino acid residues critical for interaction with downstream interactors are highlighted in yellow. Once phosphorylated, the conserved tyrosine residue highlighted in grey is a potential docking site of SH2 domain-containing proteins. The four C-terminal amino acids highlighted in green are predicted to be the PDZ-domain binding motif (PBM). Note that the protein sequence of EphB2 is based on the EphB2 isoform 2 from Uniprot, as it contains a conserved C-terminal PBM. b The key structural features mediating homodimerisation of the EphA4 SAM domain (PDB: 1B0X). c The key structural features facilitating homo-oligomerisation of the EphB2 SAM domain (PDB: 1B4F). The oligomeric EphB2 SAM domains harbour two interaction interfaces and the critical amino acid residues mediating oligomerisation are labelled. d Superposition of the Eph SAM domains of the heterodimeric structures (PDB: 5ZRX, 5ZRY and 5ZRZ, respectively) of the EphA2/SHIP2, EphA6/Odin and EphA5/SAMD5 SAM domains reveal that the key dimerising interface is mediated by the N-terminal residues of Eph receptor α5 helix. e The crystal structure of the EphA5 SAM domain (PDB: 5ZRZ, in purple) were colour coded to represent the interaction interfaces of homo-(the α1, α3 and the C-terminal segment of α5 helices, in pink) and hetero-(the N-terminal segment of the α5 helix, in green) dimerisation/oligomerisation of the Eph receptor SAM domains the α5 helix. The other oligomerisation interface, called the "arm-exchange interface", consists of multiple conserved residues on the α1, α3 and the C-terminal segment of the α5 helices. Therefore, it appears that α1, α3 and the C-terminal α5 helices of the Eph receptor SAM domains are responsible for both homo-dimerisation and homooligomerisation.
In addition to acting as a direct protein-protein interaction domain, the Eph SAM domain can modulate the activity of its adjacent kinase domain and can facilitate recruitment of SH2 domain-containing proteins. Phosphorylation of the conserved tyrosine residue (Y928 of EphB1 and Y921 of EphA2) located in the α2 helix ( Fig. 4a ) of the SAM domain is able to recruit SH2 domain-containing proteins, such as the adapter proteins Grb7, Grb10 and lowmolecular-weight protein tyrosine phosphatase [24] [25] [26] [27] . Truncation of the SAM domain was shown to promote EphA2 and EphB2 homo-dimerisation and clustering at the plasma membrane, respectively [28] [29] [30] , although opposing findings suggested that the presence of the SAM domain enhanced EphA3 dimerisation in cells [31] . Relevant to this, the truncation of the SAM domain induced autophosphorylation in the activation loop of EphA2 in cells [29, 32] , whereas the truncation of the SAM domain in EphA3 exhibited decreased activation loop autophosphorylation [31] , suggesting an intramolecular regulatory role of the Eph SAM domain. The increased receptor clustering and phosphorylation observed upon deletion of the SAM domain on EphA2 and EphB2 dimerisation [28] [29] [30] seems to be counter-intuitive as the SAM domain is a known dimerisation domain predicted to favour Eph receptor dimerisation/oligomerisation. One possibility to reconcile this discrepancy is that the SAM domain may impose steric hindrance on the kinase domain and the kinase domain could also be a major intracellular dimerisation determinant. The core kinase domain in other proteins has previously been demonstrated to act as a scaffold [15] . While we cannot rule out a role for the SAM domain in mediating dimerisation/oligomerisation, Wimmer-Kleikamp et al. clearly demonstrated that in addition to the ectodomains that contribute to Eph receptor clustering, the lateral homotypic recruitment of EphA3 is independent of its kinase activity [33] , and the intracellular domains of the Eph receptors were also reported to contribute to the receptor hetero-clustering [34] Thus, the Eph tyrosine kinase domain may exhibit non-catalytic functions, including aiding the recruitment of other Eph receptors. Further investigation is required to consolidate this potential non-catalytic function of Eph receptors.
Attempts to determine the structure of the tandem EphA3 kinase and SAM domains by Davies et al. failed due to protein degradation and hence the structural understanding of how SAM domain modulates kinase activity remains unresolved [19] . Using bioinformatics, molecular dynamics simulation in conjunction with biochemical analyses, Kwon et al. recently demonstrated that the linker connecting the SAM domain and the kinase domain (termed the SAM domain linker) plays a major role in modulating the intrinsic tyrosine kinase activity (Figs. 3a and 4a). The interaction between the SAM domain linker and the kinase domain αF-αG loop, located away from the active site, was shown to impact on the autophosphorylation of the JM region. In addition, the SAM domain linker and the JM region have been demonstrated to collaboratively regulate the autophosphorylation of the conserved tyrosine residue in the activation loop (Y779 in EphA3) [20] . The JM region and the SAM domain linker therefore seem to be critical allosteric regulatory elements, with their spatial organisation dictating Eph receptor tyrosine kinase activation. In addition to the regulatory role of the SAM domain linker, it is very likely that the SAM domain itself directly impacts on the conformation of the kinase domain and hence regulates its kinase activity [28] .
While the structural role of the SAM domain in fine tuning Eph receptor kinase activity is unclear and awaits the determination of the three-dimensional structure of a construct encompassing the JM, the kinase and the SAM domains, the interaction between the SAM domain of Eph receptors with SAM domains of other proteins has been clearly demonstrated. Disrupting such interaction abrogated the normal cell retraction response upon ephrin-A1 treatment [35] . The heterodimeric SAM domain crystal structures (PDB: 5ZRX, 5ZRY and 5ZRZ, respectively) have been solved for SHIP2, Odin and SAMD5 with EphA2, EphA6 and EphA5, respectively ( Fig. 4d ). This has provided fruitful structural insights, such as the identification of the key residues responsible for hetero-dimerisation, and a greater understanding of how downstream signalling effectors are recruited ( Fig. 4d ). Specifically, the residues of the Eph SAM domain responsible for downstream interactor hetero-dimerisation are predominantly concentrated on the N-terminus of the α5 helix, revealing a distinct interaction mechanism compared with the one driving Eph SAM homo-dimerisation/-oligomerisation ( Fig. 4a, e ).
Unique features of EphA10 and EphB6 pseudokinases
In contrast to the extensive studies of the kinase-active Eph receptors, very little is known about their pseudokinase counterparts, EphA10 and EphB6. To date, there are no three-dimensional protein structures solved for any domains of EphB6 and EphA10. Based on protein sequence alignments of kinase and pseudokinase domains ( Fig. 2a ), EphA10 and EphB6 have relatively high sequence conservation and the same domain organisation compared with other Eph receptors. Specifically, the closest homologue of EphA10 is EphA7, with a 53.80% identity in protein sequence, whereas EphB6 shares 49.17% identity with its closest homologue, EphB1 (Fig. 2 ). This close protein sequence similarity implies that EphA10 and EphB6 originated from gene duplication events [16] . Both EphA10 and EphB6 likely harbour non-catalytic regulatory functions ( Fig. 2a ), although the exact role they play in regulating Eph receptor signalling is unknown. Interestingly, the JM region of EphB6 retains the two conserved tyrosine residues (JX1 and JX2), whereas in EphA10 the corresponding residues are phenylalanine and cysteine, respectively (Fig. 2 ). This suggests a distinct regulation of the JM region for each of these two Eph receptor pseudokinases. Notably, half of the predicted activation loop of EphB6 is missing, as well as the conserved activation loop tyrosine residue ( Fig. 2a ), implying a distinct activation loop regulatory mechanism compared with other Eph receptors. By contrast, the activation loop of EphA10 has retained the conserved tyrosine residue, suggesting that EphA10 could adopt various conformational states dependent on its activation loop phosphorylation state. These unique features between EphB6 and EphA10 clearly underscore their mechanistic specificity in the Eph receptor signalling pathways. Future biochemical and structural studies of these two kinase-dead Eph receptors will shed light on the role of non-catalytic functions in Eph receptor signalling.
Eph receptor forward signalling
By the virtue that Eph receptors and ephrin ligands are tethered to the presenting cells, their predominant roles are in cell communication. Upon cell-cell contact, both Eph receptors and ephrin can initiate signal transduction in each of the ligand-and receptor-presenting cells. The signalling initiated by the ephrin-ligated Eph receptors is called "forward signalling", whereas the signalling initiated by the Eph-bound ephrins is called "reverse signalling" (Fig. 5a ). The Eph forward signalling has drawn greater attention as it is driven by the "canonical receptors" whose role is to transduce signals from ligand stimulation.
The role that Eph receptors play in regulating major pathways, such as via Rho/Rac GTPases, which control actin organisation, and Ras/MAPK, which controls proliferation, have been extensively reviewed elsewhere [36] . Thus, we will focus on the PI3K-Akt/PKB signalling axis downstream of Eph receptors as an example of Eph forward signalling. We will also illustrate how phosphorylation of the Eph receptors is able to relay the signals via the Srchomology 2 (SH2)-containing proteins, which are critical in both Eph forward and reverse signalling.
The Eph-mediated signalling pathways are largely receptor, cell type and context dependent, as suggested by a report describing that some Eph receptors, such as EphA2 [5] , can promote both tumour progression and suppression. The tyrosine kinase domain of Eph receptors plays a central role in forward signalling, such that upon ligand stimulation, the ephrin-bound Eph receptors undergo dimerisation, which results in transphosphorylation and activation of the receptor kinase domains (Fig. 5a ). The activated Eph kinase domain then phosphorylates downstream substrates, such as adaptor protein Nck1/2 [37] . The two most frequent autophosphorylation sites are located in the JM region, JX1 and JX2, as demonstrated by in vitro kinase assays and in cell proteomic mapping [38] . The phosphorylation of JX1 and JX2 is a sequential event, which further leads to the autophosphorylation of the activation loop, resulting in full kinase activity [20] . Once phosphorylated, these tyrosine residues also become potential docking sites for SH2 domain-containing signalling or adaptor proteins ( Fig. 5a , b). The best characterised SH2 domain-containing proteins that interact with Eph receptors include the adaptor proteins Nck and CrkII [39] and Src family kinases (SFKs). For example, Src was demonstrated to bind to the phosphorylated tyrosine residue JX2 in the JM region of EphB2 [40] . SFKs recruited to the Eph receptors are thought to then phosphorylate downstream substrates, relaying signals from the Eph receptors. In these cases, once phosphorylated, Eph receptors execute their non-catalytic functions by acting as scaffold proteins.
The fact that Eph receptors can act as scaffold proteins has been well exemplified by the interaction with several guanine nucleotide exchange factors (GEFs). Sahin et al. demonstrated that, in fibroblasts, the activation of an upstream GEF of Rho small GTPases, ephexin1 requires EphA4 kinase activity, implying ephexin1 is an EphA4 substrate. Phosphorylated ephexin1 promoted RhoA activity, leading to the formation of stress fibres. However, the protein kinase Src rather than EphA4, appears to be the direct upstream kinase of ephexin1. This suggests that phosphorylated EphA4, presumably via its JM region, recruits Src kinase, which in turn phosphorylates the downstream substrates [41] . Similarly, other SH2 domaincontaining proteins such as the GEFs Vav2 and Vav3 were shown to interact with the JM region phosphorylated tyrosine residues of EphA2, suggesting that an active kinase conformation is required to allow interactions with their binding partners. In addition, the interaction of SH2 domain-containing proteins with Eph receptors is not restricted to the JM region. In the same study, the interaction of the p85 subunit of phosphoinositide 3-kinase (PI3K) with EphA2 was disrupted, when tyrosine Y745 (the conserved tyrosine residue preceding the catalytic loop) of the kinase domain and Y930 of the SAM domain were mutated [42] . Together, these studies clearly highlight the scaffolding function of Eph receptors, a function dependent on their phosphorylation states.
PI3K has been known to interact with RTKs, such as platelet-derived growth factor receptor, via its SH2 domain (s) in the p85 subunit. Fang et al. demonstrated that the p85 subunit of PI3K interacts with EphA2 by immunoprecipitation [42] . Multiple studies have demonstrated that the Eph receptors modulate the PI3K-Akt/PKB signalling axis in cell migration. For example, Akt/PKB is phosphorylated and activated upon EphB2 binding to ephrin-B1 in HEK293 cells stably expressing the microtubule-associated protein tau. In addition, the sole overexpression of EphB2 without ephrin-B1 induction triggered PI3K-Akt/PKB signalling to a lesser extent [43] .
On the other hand, conflicting evidence suggested that in non-small cell lung cancer (NSCLC) cell lines, ephrin-B1 activated EphB3 led to downregulated phosphorylation of the Ser/Thr residues on Akt/PKB that are required for activation, a mechanism mediated by phosphatase PP2A [44] . Similarly, dephosphorylation of the same Ser/Thr residues in Akt/PKB was observed downstream of EphA2 clustering signaling centres, from which more Eph receptors and downstream signalling proteins can be recruited, phosphorylated or activated. This clustered signalling centre amplifies forward signalling, and presumably also reverse signalling in the opposed cell. Both forward signalling and reverse signalling substantially rely on Src family kinases (SFKs), which further phosphorylate Eph receptorinteracting proteins or even Eph receptors themselves. The extensive number of phosphorylation sites from the clustered signalling centre facilitates recruitment of effectors for diverse signalling pathways, including the PI3K-Akt/PKB signalling axis activation in prostate cancer cells [45] . In a glioblastoma (GBM) cell line, EphA2 can act both upstream (as a regulator) and downstream (as a substrate) of Akt/PKB in a ligand-dependent or -independent mode, respectively [46] . The crosstalk between Eph receptors and Akt/PKB was further demonstrated by Stallaert et al., who showed that activation of EphAs inhibited Akt/PKB activity, which hindered the endosomal trafficking of EGFR and reduced EGFR recycling to the plasma membrane. In line with this, EGF-induced cell migration was also suppressed upon EphA receptor activation [47] . These studies collectively suggest that distinct Eph receptors can elicit opposite signalling events under different cellular contexts.
Taken together, the Eph receptor-mediated forward signalling relies on autophosphorylation and activation of the tyrosine kinase domain, in turn creating binding sites for downstream adaptors or signalling proteins. Surprisingly, other than the Eph receptor itself, very little is known about the direct protein substrates of the Eph receptor tyrosine kinase domain. The main difficulty in identifying the Eph receptor kinase domain direct downstream substrates is due to the associated SH2 domain-containing SFKs, as both of them are tyrosine kinases with potential overlapping substrates. Nck1/2, an adaptor protein that is involved in cytoskeletal organisation, was recently identified to be a direct substrate of EphA4 in vitro and in cells [37] . The binding between the Nck SH3 domain and its interacting partners was abolished once the conserved tyrosine residue in the Nck SH3 domain is phosphorylated by EphA4. Nck was also reported to bind to the phosphorylated JM region of EphB1 via its SH2 domain [48, 49] . In addition, the adapter protein Caskin recruited by Nck was shown to be phosphorylated by EphB1 [49] . These results combined suggests that Eph receptor phosphorylation sites within the JM region, activation loop, the SAM domain can recruit adaptors or effectors, which then become potential substrates for Eph tyrosine kinase domain. Deciphering the Eph interactome will therefore be critical in order to fully appreciate the signalling network of Eph receptors.
Ephrin-independent Eph receptor activation
The Eph receptor-mediated signalling events are reliant on the phosphorylation status of the Eph receptors its intracellular domains. The activation mechanism of Eph receptors upon membrane-tethered ephrin ligation resembles those used by other RTKs: receptors undergo dimerisation upon binding to soluble ligands for activation. Normal Eph signalling initiated upon binding of ephrins to Eph receptors induces dimerisation, however, the ephrin-ligated Eph receptor can further oligomerise to form clusters, from which downstream signalling can be magnified (Fig. 5b ) [50] . Interestingly, the cellular signalling events/phenotypic changes triggered by activation of dimeric or oligomeric Eph receptors appeared to be different [25] . On the other hand, aberrant expression of Eph receptors is commonly observed in cancers. This leads to the hypothesis that upregulated expression of Eph receptors can achieve Eph receptor-mediated signalling by dimerisation and higher order oligomerisation, independent of ephrin ligation. Moreover, the signalling pathway outputs resulting from ligand binding or from ephrin-independent Eph receptor dimerisation/oligomerisation can be distinct or even opposite as demonstrated in the case of EphA2-an apparent oncogene in the absence of ephrins, but a tumour suppressor when interacting with its ephrin ligands [45, 46, 51, 52] .
Structurally, the ephrin induces an extensive dimerisation interface upon binding to the ectodomain of the Eph receptors via a highly conserved interface [53] . For example, a conserved polar bulky amino acid (Gln) at position 109 of ephrin-B2 forms a hydrogen bond to the conserved Thr38 in the ectodomain of EphB2, and very likely to those of other EphB receptors. The crystal structure of ephrin-B2 binding to the ligand-binding domain (LBD) of EphB2 revealed a tetrameric complex (Fig. 6a) [53] . However, as suggested by the crystal packing, the LBD of EphB2 seems to be able to tetramerise without the involvement of ephrins in the tetrameric complex structure (Fig. 6a) [53] . A similar Eph LBD-LBD interface is also seen in the crystal structures of heterotetrameric EphA2/ephrin-A5 and EphA4/ ephrin-A5 [54] [55] [56] [57] . In these EphA receptor structures, a second Eph-Eph interaction interface dictated by the cysteine-rich domain (CRD) was found, suggesting that in addition to the LBD, the CRD is another dimerising determinant allowing Eph receptors to assemble via Eph-Eph interaction (Fig. 6b) [54] [55] [56] [57] . Both Eph LBD-LBD and CRD-CRD interfaces do not engage in ephrin binding (Fig. 6b, c) . In the absence of ephrins, the EphA2 ectodomain crystal structure showed the presence of the same Eph CRD-CRD interface ( Fig. 6c ), suggesting a conserved mechanism of dimerisation driven by Eph receptor ectodomains. Mutations introduced to the Eph CRD-CRD interface amino acids (L223, L254 and V255) perturbed EphA2 dimerisation [58] , which is in agreement with the argument that Eph receptors can dimerise/oligomerise in the absence of ephrin. Taken together, these data show that Eph receptors do not have to rely on ephrins to form dimers and potentially cluster to high-order oligomers if Eph receptor concentration in the plasma membrane is sufficient (Fig. 6d) . Indeed, once the initial EphA3 and ephrin-A5 nucleating centre is formed, more EphA3 receptors can be laterally recruited without being directly associated with ephrin-A5 in cells [33] . Moreover, using fluorescence resonance energy transfer, EphA2 or EphA3 was shown to form dimers in the plasma membrane without binding to the ephrin ligands [29, 31] . These dimerised Eph receptors are constitutively active, as signified by autophosphorylation of the kinase domain activation loop [31] , suggesting that when Eph receptors are highly expressed, they can exhibit basal activity at the plasma membrane even in the absence of ephrin stimulation.
Although capable of functioning independent of ephrins, under physiological conditions, it is rare that Eph receptors exclude the engagement of ephrins. As illustrated in Fig. 6b , c, in the presence of ephrins, a simplified Eph receptor oligomer can be regarded as repeats of ephrin-dependent Eph receptor dimers (with an ephrin-induced Eph Fig. 6 Ephrin-independent Eph receptor dimerisation/oligomerisation. Dimerisation/oligomerisation of the Eph receptors can be ephrin independent, as Eph receptors harbour Eph-Eph interacting interfaces, as shown from both class A and class B Eph receptors. a The ephrin-B2 (shown in blue) ligated EphB2 LBD (shown in green) crystal structure has Eph-Eph crystal-packing interface indicated by black arrows (PDB: 1KGY). b The crystal structure comprising two heterotetramers of ephrin-A5 ligated the EphA2 ectodomains (LBD + CRD + N-terminal fibronectin domain III) reveals two Eph-Eph interacting interfaces (PDB: 3MX0). Highlighted in the purple circle is the Eph LBD-LBD interface (key residues including K116, T144 and P147, etc.), whereas highlighted in the green circle is the Eph CRD-CRD interface (key residues such as L223, L254 and V255, etc.). The G131 residue lies at the ephrin-induced Eph LBD-LBD interface, as circled in black. c In the absence of ephrin ligation, very similar Eph LBD-LBD and Eph CRD-CRD interfaces also exist, as shown in another EphA2 crystal structure (PDB: 3FL7). d The Eph receptor dimerisation/oligomerisation is hypothesized to be also regulated by the intracellular domains. The lateral extension of the Eph receptor to the clustered signalling centre can be potentially mediated by the non-catalytic functions of the kinase domain, and by the SAM domain LBD-LBD interface, circled in black) and ephrinindependent Eph receptor dimers (with an Eph LBD-LBD interface, circled in purple, and an Eph CRD-CRD interface, circled in green). Interestingly, the major residues clustering on the Eph LBD-LBD interface (e.g. D104, K116, E117 and T144 of EphA2) and those clustering on the Eph CRD-CRD interface (e.g. L223, V255 of EphA2) are highly conserved across EphA and EphB receptors (Fig.  6b, c) [54] [55] [56] [57] , suggesting that both types of Eph receptors are able to undergo similar ephrin-independent dimerisation. This implies that dimerisation of the interclass Eph receptors can occur. In contrast, the EphA2 G131 residue located at the ephrin-induced Eph LBD-LBD interface is specifically conserved in EphA receptors, except for EphA4 (Fig. 6b) . The G131Y EphA2 variant exhibited a reduced clustering propensity in a ephrin-dependent manner [57] . G131, however, appeared to be not essential for Eph receptor dimerisation/oligomerisation in the absence of ephrins [58] . Collectively, the ephrin-independent Eph receptor dimers/oligomers are predicted to be promiscuously composed of type A and B Eph receptors, whereas ephrin binding to Eph receptors is likely a mechanism to selectively produce homotypic dimers/oligomers of EphA, or EphB receptors.
Ephrin reverse signalling
The ligands of the Eph receptors, ephrins, are membrane tethered and are able to initiate downstream signalling in their expressing cells. To this end, they can also act as "receptors". The reverse signalling mediated by ephrins is induced by their ligation to the Eph receptors and additional mechanisms [59] . Similar to Eph receptors, the intracellular tail of the B-type ephrins harbours conserved multiple tyrosine residues that can be phosphorylated. For example, ephrin-B1 can be phosphorylated following incubation with the ectodomain of EphB2 [59] [60] [61] , which can be mediated by SFKs [62] . Similar to Eph receptors, tyrosine phosphorylation on the C-terminal tail of ephrin-Bs provides binding sites to SH2 domains of SFKs, thereby inducing subsequent signalling events [62] . Intriguingly, the cytosolic domain of ephrin-Bs was also reported to affect the Eph forward signalling events in trans in a phosphoproteomics study [63] , but the molecular details remain unclear. In the same study, Jorgensen et al. demonstrated that co-incubation of EphB2-and ephrin-B1-expressing HEK293T cells led to asymmetric intracellular signalling with differential levels of substrate tyrosine phosphorylation [63] . This bias likely arises from the distinct intracellular architectures of Eph receptors and ephrins.
Fewer studies have examined ephrin-A mediated reverse signalling pathways compared with those driven by ephrin-Bs. Ephrin-As are tethered to cells solely via a GPI linker embedded in the plasma membrane. This precludes reverse signalling directly, although it was proposed that ephrin-As interact with other transmembrane proteins upon binding to Eph receptors [5] .
The recombinant soluble ectodomain of ephrin is not sufficient to elicit the Eph forward signalling events, as it is required to be either membrane bound in the expressing cells or pre-clustered by antibodies [64] . A possible explanation is that ephrins exert both inhibitory and activating effects on Eph receptors. In trans, membrane-bound or preclustered ephrins can activate Eph receptors, but, when expressed in the same cell (in cis), ephrins bind and block Eph receptors from initiating forward signalling. Therefore, the soluble ectodomain of ephrins can potentially act in cis, failing to activate the Eph forward signalling [65] . Yin et al. showed that the cis-expression of ephrin-A2 inhibited the trans-binding of ephrin-A5 to the EphA4 receptor in HEK293 cells [66] . The competition of cis and trans binding of ephrin-As was also reflected in cis binding reducing EphA receptor phosphorylation levels, consistent with ephrin-As regulating Eph-mediated forward signalling. In agreement, multiple studies have independently confirmed the attenuated activation of trans-EphA receptor by interacting with ephrin-As in cis from both in vitro and in cells neuron growth cone models [67, 68] .
To add to the complexity of this system, each EphA and EphB receptor has multiple ephrin-As and ephrin-Bs as ligands, respectively, resulting in additional cross-reactivity among EphA/ephrin-Bs and EphB/ephrin-As. Potentially, the overall expression pattern of ephrins and Eph receptors in one cell dictates which Eph receptors can be activated by an adjacent cell upon cell-cell contact. Nevertheless, such pleiotropy necessitates caution in interpreting studies, in which a single type of ephrin is used to activate Eph receptors, as several ephrins and Eph receptors usually coexist in each cell type.
The non-catalytic functions of alternative Eph receptor isoforms
While the tyrosine kinase activity of Eph receptors is central to many well-characterised signalling pathways, their kinase-independent functions have proved to be important in cancer development. Strikingly, almost all the Eph receptor genes yield at least one isoform that does not have kinase activity due to partial or complete truncation of the intracellular domains from alternative splicing. In addition to the roles in cancer, these Eph isoforms possess a wide array of functions in neuronal development [69, 70] , cell reprogramming [71] and cell adhesion and repulsion [72] . Holmberg et al. discovered that expression of an EphA7 isoform that lacks the entire intracellular domain is able to shift cell repulsion to adhesion. The intracellular domaintruncated EphA7 isoform was able to block the full-length EphA7 autophosphorylation [72] , which might be partially due to a dominant-negative effect, where co-clustering of the truncated form dilutes the cross-phosphorylation of Eph receptor intracellular domains [34] . The EphA7 isoform was later found to be able to inhibit the MAPK and SFK signalling pathways, likely through a mechanism in which EphA7 forms an inhibitory dimer with EphA2 that antagonises lymphoma development [73] . Similarly, EphA10 is a proposed oncogenic Eph receptot but the secreted EphA10 isoform, comprising only the LBD abd rge partial CBD, was shown to suppress breast tumour growth abdmetastasis in mice [74] .
In addition to isoforms derived from alternative splicing, the proteolytic products of the full-length Eph receptors appear to serve additional functions. For example, the cleavage of EphA2 by membrane type-1 matrix metalloproteinase induced an ephrin-independent EphA2 activation. The resulting activation of small Rho GTPases led to enhanced cancer cell invasion in vivo [75, 76] . More detailed consequences of the proteolysis of the Eph receptors and ephrins have been reviewed elsewhere [77] . Collectively, the physiological and pathological roles of these truncated Eph isoforms and proteolytically cleaved forms provide strong evidence for the importance of the noncatalytic and ephrin-independent functions of Eph receptors.
Eph compositions in signalling clusters and their non-catalytic functions
One of the major difficulties of studying Eph signalling is to precisely define the genuine functions of each Eph receptor family member in cells. This is mainly due to the forward signalling output representing the integrated input of all the stimulated Eph receptors in a clustered signalling centre. While phosphatase activity driven by the protein tyrosine phosphatase receptor type O (Ptpro) and other protein tyrosine phosphatases can negate Eph receptor activation [78, 79] , co-expressed ephrins may also exert potential cisinhibitory effects on Eph receptors. Not surprisingly, one outstanding question is how the interaction among Eph receptors dictates the overall downstream signalling events. Another outstanding question is: to what extent can the Eph non-catalytic functions govern the signalling pathways in an Eph receptor clustering centre? As reviewed elsewhere, different pools of Eph receptors/ephrins in cells can confer opposing functions on a given Eph receptor [36] . The noncatalytic functions of the Eph receptors are likely to be responsible for this observation.
The preferential binding of Eph receptors to their corresponding type of ephrins provides a useful avenue to demonstrate that a cell expresses a mixture of Eph receptors, and is able to respond distinctly upon binding to type A or type B ephrins. Astin et al. observed that treatment with ephrin-A1 or ephrin-A5 rendered contact inhibition of locomotion (CIL) in the PC3 prostate cancer cell line [80] . On the contrary, ephrin-B2 promoted PC3 cells to migrate. The authors further demonstrated that PC3 cells exhibited homotypic CIL among themselves, but failed to undergo CIL, when contacting normal cells, such as fibroblasts and endothelial cells. By comparing the Eph/ephrin expression level vs. the corresponding phenotypic changes, they concluded that the differential expression of Eph receptors/ ephrins in PC3 cells, fibroblasts and endothelial cells was responsible for the distinct CIL responses. The abundance of ephrins in the activating cells (fibroblasts and endothelial cells) dictate the composition of the Eph receptors in the signalling cluster of the receiving cells (PC3 cells), thereby evoking cell retraction or invasiveness. More importantly, in prostate cancer patient specimens, the surrounding stroma cells of the prostate cancer cells expressed relatively high levels of ephrin-B2, implicating Eph-ephrin signalling in the cancer microenvironment, potentially facilitating cancer metastasis [80] .
An Eph receptor cluster does not have to be homotypic, adding to the complexity of the signalling platform. EphA receptors can intermingle with EphB receptors in a clustered signalling centre as exemplified by EphA3 and EphB2, regardless of the EphA3 kinase activity [34] . This heterotypic binding was mainly mediated by their ectodomains, although the intracellular domains also partially accounted for the interaction. Importantly, expression of wild-type EphA3 elevated the EphB2 kinase activity and collaboratively induced cell rounding. In addition, aberrant cell segregation due to the truncation of the intracellular domains of EphB2 was able to be restored by wild-type EphA3 expression. This observation has two implications: [1] EphA3 can compensate for EphB2 kinase activity and/or [2] EphA3 is able to reconstitute the potential EphB2 noncatalytic functions by recruiting EphB2 interacting partners. Surprisingly, a kinase-dead EphA3 mutant suppressed EphB2 kinase activity, reinforcing the idea that Eph receptors harbour non-catalytic regulatory functions. This is thought to work through a dominant-negative effect, where co-clustering of the truncated form effectively dilutes the cross-phosphorylation of intracellular domains. Thus, Eph receptor signalling clusters can contain a wide array of different Eph receptor species, with the combination of species dictating the forward signalling output following ephrin stimulation.
Accumulating evidence suggests that Eph receptors exhibit non-catalytic functions. The kinase-inactive EphA2 mutant can induce similar chemotaxis compared with wildtype EphA2, when overexpressed in HEK293 cells [46] . In another study using breast cancer cell lines, the kinase-dead EphA2 mutant exerted a dominant-negative effect that mitigated ephrin-A1 mediated EphA2 phosphorylation and contributed to tumour suppression [81] . EphA3 was reported to regulate the protease activity of the transmembrane A-Disintegrin-And-Metalloprotease 10 (ADAM10), independently of the EphA3 intrinsic tyrosine kinase activity [82] . The proximity of the inactive EphA3 kinase domain to the plasma membrane prevented ADAM10-mediated cleavage through steric hindrance, until binding of ephrin-A5 and ensuing receptor clustering and phosphorylation reorganised the EphA3 JM region and the kinase domain, and enabled access of ADAM10. This example illustrates one of the Eph receptor non-catalytic functions, in which EphA3 can block ADAM10 activity, and is reminiscent of the functions that pseudoenzymes perform as protein-protein interaction domains to regulate signalling [15] . More broadly, it is unlikely that all Eph receptors within a cluster solely rely on their kinase activity to transduce signals. Instead, some of the Eph receptors primarily perform their non-catalytic functions, exerting regulatory properties via scaffolding, recruiting or competing with other Eph receptors. The best evidence supporting this argument is the existence of the two kinase-deficient Eph receptor members, EphA10 and EphB6, and their emerging roles in cancers.
The roles of EphA10 and EphB6 in cancers
Endocrinologically, EphB6 expression is correlated with catecholamine biosynthesis and secretion [83] [84] [85] . Its role in cancer, however, has attracted more attention. For example, EphB6 was reported to modulate cell death by anoikis in cancer cells by interacting with another Eph receptor, EphA2, via their ectodomains [86] . Nonetheless, the molecular mechanisms underpinning EphB6 functions remain to be fully determined. Expression of EphB6 in MDA-MB-231 triple-negative breast cancer cells, which reportedly do not express the receptor endogenously, lowered cadherin 17 protein expression and altered MEK2 and β-catenin expression [87] . Using HEK293T cells, overexpression of EphB6 allowed Matsuoka et al. to identify SFKs as constitutive interactors of EphB6 [88] . In addition, upon binding to ephrin-B2, tyrosine phosphorylation of EphB6 was increased. Nonetheless, it is inconclusive whether the phosphorylation was catalysed by the associated SFKs, or it was carried out by other kinase-active Eph receptors, such as EphB4 and EphB1 (Fig. 7) [12, 13] .
Downregulation of EphB6 mRNA resulting from promoter hypermethylation has been found in NSCLC and breast cancer cells with invasive characteristics or tendency [89, 90] . The protein expression level of EphB6 was also decreased in multiple cancers, including breast cancer [89] , NSCLC [90] and colorectal cancer [91] . Moreover, downregulation of EphB6 promoted cancer metastasis [92] [93] [94] , whereas restoration of EphB6 expression suppressed metastasis [90, 94, 95] . Thus, EphB6 has been proposed as a tumour suppressor. Interestingly, while playing a role as a potential metastasis suppressor, EphB6 was recently reported to accelerate cell proliferation in triple-negative breast cancer (TNBC) cell lines [95] . These studies imply that at different stages of cancer progression, EphB6 can perform distinct functions, although other factors, such as cell types or receptor expression level, cannot be excluded.
Very little is known about EphA10, but upregulated expression of EphA10 is associated with multiple cancers [96] [97] [98] . EphA10 expression is rarely seen in normal tissues except for testes [99] . Owing to the prevalence of EphA10 expression in cancers, researchers have proposed to use EphA10 as a marker for identifying cancers. interactors, such as Fyn kinase [88] and Cbl E3 ligase [12] . It is postulated that EphB6 can regulate the kinase activity of EphB1 and EphB4 via heterodimerisation, resulting in changes to downstream phospho-signalling events
Eph receptors: oncogenes or tumour suppressors
In 2010, the landmark review article by Elena Pasquale clearly described Eph receptors as (paradoxical) tumour suppressors or oncogenes, depending on their different expression pattern and the cellular contexts [3] . The versatile activation mechanisms displayed by the wellcharacterised Eph receptor, EphA2, is an excellent example that illustrates the biphasic role of Eph receptors in cancer [3] . The seemingly controversial cancer-agonising and -antagonising actions downstream of EphA2 receptor activation are due to different degrees of contribution from other Eph receptors and ephrin ligands, and the ensuing signalling events. In cancer biology, the tumour microenvironment (TME) has proved to be essential for the development of cancer cells. Studying the functions of Eph receptors using cancer cells in culture can be restricted by the lack of interaction with Eph receptor-expressing stromal and endothelial cells. Thus, below, we carefully examine the recent studies on understanding the Eph receptor functions in cancer in mouse models. In particular, we emphasise the Eph receptor non-catalytic functions in vivo. The sequences of the human and mouse Eph receptors share very high similarity, implying a resemblance of the functionalities, and making mouse models more likely to recapitulate the human Eph receptor functions. In spite of the complexity of Eph receptor regulation, certain Eph receptors have been categorised as either oncogenes or tumour suppressors based on their predominant function shown in the mouse model.
EphA7 was proposed to be a tumour suppressor in follicular lymphoma, in which downregulated expression due to hypermethylation of the gene promoter was found. The survival rate of the follicular lymphoma mouse model significantly decreased, when EphA7 expression was suppressed, equivalent to the effect exhibited by knocking down the tumour suppressor, p53. The EphA7 tumourantagonising effect is independent of its intracellular domains, as restoration of the EphA7 ectodomains in the human lymphoma cells xenografted into mice was sufficient to exhibit a profound antiproliferative and apoptosisinducing effects [73] . In another study, EphA7 was also shown to be a tumour suppressor in prostate cancer. Nonetheless, only the full-length EphA7 with intact kinase activity was able to contribute to tumour shrinkage in prostate tumour xenografted mice [100] .
The kinase-dependent and kinase-independent functions of Eph receptors can sometimes determine whether an Eph receptor is a tumour suppressor or an oncogene. For example, the tumour growth was significantly suppressed in EphA3 knockout mice, where a primary human GBM cell line was injected. The orthotopic xenograft model further confirmed that the survival rate of mice transplanted with high EphA3-expressing patient sample was much lower than the low expression counterparts [101] . Interestingly, the oncogenic effect upon EphA3 expression appeared to be not kinase activity dependent, as the EphA3 from human GBM specimens and primary cell lines remained constitutively unphosphorylated. Similarly, the oncogenic properties of EphA3 were observed in a prostatic tumour xenograft mouse setting: expression of EphA3 in the stromal and vascular regions benefited tumour formation [102] . These effects could be countered by an activating EphA3specific antibody, which reduced the tumour burden in of both GMB and prostatic cancer mouse models by increasing apoptosis [101, 102] . It therefore appears that EphA3 promotes oncogenesis in a kinase-independent manner in some contexts, and exerts a kinase-dependent tumour suppressive effect in others.
The epigenetic silencing of Eph receptors such as EphA5, EphA7, EphB6 and others that contribute to downregulated protein expression has been linked to cancer development [3, 73, [103] [104] [105] , suggesting their potential roles as tumour suppressors. Interestingly, in different cancers, they can somehow function in an opposite manner. For example, overexpression of EphA5 has been found in lung cancers [106] . Neutralisation and degradation of EphA5 proteins by an EphA5-specific antibody sensitised the lung tumour bearing in vivo models to irradiation. Also, inhibition of EphA5 kinase activity was able to suppress the progression of hepatocellular carcinoma in mice [107] . Although more detailed studies are required, it appears that the oncogenic property of EphA5 is dependent on its catalytic activity.
Depletion of EphA2 was shown to exhibit an antiproliferative effect in NSCLC and TNBC in in vivo models [108, 109] . Consistently, in an oncogenic KRas K12D mutantdriven NSCLC mouse model, the tumour cells grown in the EphA2 −/− mice underwent significant apoptosis. In addition, the administration of a relatively selective EphA2 kinase inhibitor was able to reduce the tumour size in the NSCLC xenografted mice, by inducing apoptosis, suggesting that EphA2 is oncogenic in NSCLC [110] . Interestingly, Yeddula et al. reported that targeting EphA2 in a tissue-specific manner can lead to an opposite outcome: knockout of EphA2 from the lung adenocarcinoma tissue driven by KRas K12D in vivo deteriorated cancer development. The increased tumour burden shown in lung tissue-specific EphA2-deficient mice suggested that EphA2 is a tumour suppressor. The EphA2 tumour suppressive effect was likely due to an inhibition of the MAPK pathway downstream of EphA2 activation by binding to its ephrin ligand, ephrinA1, as shown in analysis at the cellular level [111] . These results collectively suggested that whether EphA2, and other Eph receptors, are oncogenic or tumour suppressive in a cancer cell, is determined by its surrounding environment, namely, the tumour microenvironment.
Concluding remarks
The Eph receptors have been identified as critical players that control tissue development. Aberrant expression or mutation of Eph receptors is a hallmark of many diseases, including cancers. In contrast to other RTKs, the uniqueness of the Eph receptor-mediated signalling pathways includes: [1] ephrin ligand-dependent or -independent Eph receptor activation; [2] Eph receptor oligomerisation, a mechanism allowing the amplification of the downstream signal transduction; [3] the presence of the two kinase-dead members, EphA10 and EphB6, whose roles remain to be determined. To further advance the understanding of how Eph receptors function, in-depth investigation of their structural details, the spatiotemporal mechanism of oligomerisation in the plasma membrane and their intracellular signalling pathways is required.
Owing to the nature of membrane proteins, full-length three-dimensional structures of the Eph receptors will not likely be solved by the traditional techniques, such as NMR and X-ray crystallography. The emerging state-of-the-art cryo-electron microscopy may provide a feasible solution to examine how ephrin binding to the ectodomains of the Eph receptor can convey extracellular cues to intracellular effectors. Recent advances in microscopy techniques, such as total internal reflection fluorescence (TIRF), are likely to cast light on the dynamic oligomerisation process of the Eph receptors in the plasma membrane. Two recent studies used TIRF to study the kinetics of ephrin-induced Eph receptor oligomerisation in the plasma membrane [50, 112] . Ephrin-bound Eph receptor oligomerisation was thus described as a process of nucleation, polymerisation and condensation [50] . Furthermore, the amplitude of the Eph receptor oligomerisation correlated with their intracellular autophosphorylation [50] , indicating the oligomerisation state is a key parameter in controlling Eph receptor forward signalling. Most unknowns about Eph receptor functions lie in their downstream signalling pathways. Specifically, how EphA10 and EphB6, the two Eph receptors without tyrosine kinase activity, are able to modulate the Eph receptor signalling is an intriguing question, and is illustrative of the importance of catalysisindependent functions more broadly within the Eph family. An enhanced molecular level understanding of the noncatalytic family members, EphA10 and EphB6, and how they act as molecular switches to regulate their kinaseactive Eph receptor counterparts is essential to target the non-catalytic functions of Eph receptors therapeutically, including in cancers.
